Introduction
Concrete is a widely used construction material by virtue of its cost and mechanical properties. Due to its low tensile strength however, concrete is very sensitive to crack formation. Cracks are taken into consideration in design code recommendations, yet they still endanger the durability of structures since aggressive substances can easily penetrate and deteriorate the material, leading in some cases to structural failure. Cracks are also potentially involved when leakage is detected [1] . Cracks in concrete are therefore responsible for significant inspection, maintenance and repair costs [2, 3] . In order to optimize structural health management, Non-Destructive Testing (NDT) has been extensively studied. Among all NDT techniques, ultrasonic methods are considered advantageous by providing information on mechanical properties in areas not directly accessible from the surface. The damage of a concrete structure, in the form of cracks for example, changes the structure's mechanical properties and can therefore be detected and monitored using an ultrasonic NDT method. In general however, linear ultrasonic methods are only able to detect relatively large cracks, either by monitoring the crack influence on the effective acoustic properties of the medium or through the acoustic scattering caused by the crack. In the former case, in-depth knowledge of the medium properties without the crack is required, but such a condition is unrealistic for concrete due, for instance, to the evolution of medium acoustic properties with time or temperature. In the latter case, the identification of an acoustic echo from the crack requires both the use of an acoustic wavelength of the same order of magnitude as the crack size and the absence of strong scattering from the medium matrix. Such only occurs at wavelengths greater than a few centimeters (i.e. frequencies less than $ 50 kHz), where concrete acts as an effective propagation medium. To be detected, the cracks need to be opened (in order to exhibit a sufficient acoustic mismatch with the matrix) and have a size of a few centimeters if size quantification is a target of the investigation [4] [5] [6] . Consequently, recent studies have led to developing nonlinear ultrasonic methods to increase the sensitivity to damage [7, 8] . In using diffuse waves, the detection of large cracks/notches and the monitoring of crack evolution have both been achieved [9] [10] [11] [12] [13] , which has allowed emphasizing the sensitivity of diffuse ultrasound to a crack opening. Diffuse ultrasound can also be used to monitor the evolution of crack geometry over time [14] . However, the detection of small cracks in cementitious materials remains a great challenge for NDT techniques, despite the special interest in making such detections since these cracks may lead to undesirable premature failure or leakage.
Coda Wave Interferometry (CWI), which relies on an analysis of the last part of the signal formed by multiple scattered waves, offers a sensitive method for detecting time-lapse perturbations on a propagation medium. This method was originally developed in order to measure small changes in wave velocity within the earth's crust [15] and was then introduced to the NDT community by Snieder [16] . CWI has been successfully adapted to concrete, which is a highly heterogeneous material, for determining nonlinear elastic properties [17] or detecting and locating a small defect (holes with a diameter of several millimeters) [18, 19] . By controlling the thermal bias [20] , CWI can monitor propagation velocities with high precision (10 À 3 % concerning relative velocity variations) in concrete and moreover provides information on the level of microcracking induced by loading [21] . In addition, nonlinear acoustic modulation amplifies the signature of a defect when used with an acoustic load provided by a pump source. The sample is subjected to both a lowamplitude ultrasonic wave (known as a probe wave) and a largeamplitude wave at a lower frequency (known as a pump wave). If the sample contains nonlinearity, caused for example by the presence of cracks or, more generally, contact-type defects, the probe wave will become modulated due to the variation in local and surrounding effective elasticity (elastic modulus or acoustic dissipation) resulting from pump excitation [22] [23] [24] [25] [26] [27] . Many different signal shapes can be input as pump and probe waves; however, the use of higher-order modulation side lobes or amplitude-modulated pump waves has shown greater sensitivity to the presence of cracks than other nonlinear modulation techniques [28] .
With the objective of detecting small cracks in cementitious materials, we present herein a novel NDT technique that combines the use of diffuse ultrasound with the nonlinear modulation method. Based on a previous study that had been conducted to detect extended nonlinear damage (cracks) in an initially linear medium (glass) [29] , we are proposing a simple and robust method to detect cracks in an initially nonlinear material (concrete or mortar).
Physical background and methodology

CWI analysis by means of stretching
In CWI, multiple scattered waves are introduced to detect temporal changes in a medium considered as an interferometer. The corresponding model [16, 30] allows the detection of temperature fluctuations [31] , external loading [18] and damage [19, 20] . CWI has been successfully applied to concrete [32] , which contains a large quantity of scatterers of varying composition, size and shape. This paper will focus on the observed variation in elastic wave velocity associated with the presence of a single small crack.
Two methods may be applied to estimate velocity variation: Doublet and Stretching [15, 33] . Under the assumption of a uniform velocity variation, Stretching provides more stable and accurate results [34] , hence an opportunity to increase detection sensitivity. For this reason, the Stretching method has been chosen to carry out the CWI analysis of this study. This method assumes that a decrease (resp. increase) in propagation velocity δv i must be simulated by means of stretching (resp. compressing) the time axis t of a reference signal h 0 [t] with a given dilatation rate τ i ¼δv i /v 0 . In order to quantify the similarity between the stretched reference signal h 0 [t(1 þ τ i )] and the test signal h 1 [t] within a selected time interval [t 1 ,t 2 ], a correlation coefficient CC can be calculated as follows:
Following a grid search over all reasonable values of τi, the value that maximizes the correlation coefficient CC(τi) is set as the search result and denoted α. Under the assumption that velocity change Δv is spatially uniform, α can be considered as the relative variation of coda velocity since α¼Δv/v0. The perturbed velocity is therefore v 1 ¼v 0 þΔv. Moreover, the decorrelation coefficient Kd¼1À CC(α) (from 0% to 100%) yields an indication of the decorrelation existing between the unperturbed and perturbed signals.
Nonlinear mixing via frequency-swept pump waves
In order to minimize the pump frequency dependence on the extracted α and Kd values, frequency-swept pump waves are used, as recommended in [29] , instead of searching for close resonance frequencies. With frequency-swept pump waves, several specimen modes can be excited. Excitation occurs over a relatively wide band (in our case, 10-50 kHz, which corresponds to around 20 modes numerically determined and experimentally observed). It can therefore be considered that the samples are excited homogeneously in space and results are not affected by the presence of localized vibration nodes, thus making it possible to conduct a global inspection. In the following section, experiments will be carried out to demonstrate that this principle may be applied to the detection of small cracks in mortar.
Experimental design
Specimen preparation
Two series of three mortar samples of equivalent geometry (7 cm Â 7 cm Â 28 cm) were mixed with a water-to-cement ratio of 0.35. Mortar mixtures consisted of 1350 g of sand (0/2 sand), 450 g of Portland cement (CEM II), 155 g of water and 8 g of superplasticizer (ChrysoFluid Optima 206). All mortar preparations were carefully vibrated in order to minimize the amount of occluded air. After 1 day of curing under sealed conditions in an air-conditioned room at a temperature of 20 1C, the specimens were demolded and further cured under moist conditions (airconditioned room at a temperature of 20 1C and 480% relative humidity (RH)) for series 1, or cured under sealed conditions and wrapped in aluminum foil for series 2. After one week, a notch 1.5 cm deep and 5 mm wide was cut at the center of all beams in order to initiate cracking on the cracked specimens. The specimens were once again placed under the same curing conditions. Two weeks after casting, some of the specimens were cracked according to a crack mouth opening displacement (CMOD) controlled three-point-bending test. In order to study the influence of a crack on CWI measurements and their repeatability, only one specimen of the first series was cracked (1B). On the other hand, to study the influence of crack width on CWI measurements, 2 specimens of the second series were cracked (2B and 2C). After cracking, mortar prisms were stored in an air-conditioned room at a temperature of 20 1C and a RH of 50%. The second series specimens were wrapped in aluminum foil so as to avoid drying shrinkage, while the mortar prism of the first series was left uncovered to determine whether the damage induced by shrinkage might exert an influence on CWI measurements. The cracked specimen and curing conditions are listed in Table 1 . The CMOD values and geometrical details of the cracks after unloading are summarized in Table 2 and explained in Fig. 1 .
The crack widths and length were investigated using a reflected light microscope (Nikon Epiphot 300 with a Scion Corporation Digital Camera and Perfect Image software) at 50 Â , 100 Â and 200 Â magnifications. The crack widths at the bottom part of the beams (on top of the notch) were measured on both sides of the specimen at various locations. The crack length was determined for the different specimens using a 200 Â magnification along the crack path from bottom to top of the specimens until the crack could no longer be observed (i.e. a crack width less than 1 mm). The crack on specimen 1B was observed to reach the top of the mortar prism and thus probably corresponds to one of the largest feasible cracks on such mortar samples of that age. The average maximum crack width (determined by analyzing two microscopic pictures from the bottom part of the crack between 0 and 2 mm above the notch, one for each side of the specimen) and length are detailed in Table 2 .
CWI setup
To carry out CWI measurements, three piezoelectric transducers were glued on each specimen: two transducers with a working frequency range between 200 and 800 kHz were glued to the specimen around the notch for the probe wave excitation and detection, and one piezoelectric ceramic transducer, responsible for generating the larger-amplitude acoustic pump wave at lower frequencies typically in the range of 10-50 kHz, was glued on one side of each specimen (see Fig. 2 ).
The excitation signal for the probe source was a chirp with a frequency varying linearly from 200 to 800 kHz. The smallest wavelengths of the signal were of the same order of magnitude as the largest sand grains (i.e. 2 mm). Formation of the coda wave is mainly due to multiple reflections by the specimen boundaries. Synchronously, a 4-ms long received signal is recorded by the probe receiver using a 5-MHz sampling frequency and 16-bit amplitude dynamics. To improve the signal-to-noise ratio, an average of 256 successive acquisitions was established as one coda record, with a repetition frequency of 100 Hz. With 10 records per non-linear solicitation step, each coda measurement took approximately 6 min for all the 14 solicitation steps.
A pump signal with a lower frequency (10-50 kHz) was sent to the specimen in order to induce nonlinear acoustic modulation. These pump signals fed to the transducer were amplified by a Bruël and Kjaer s type 2713 power amplifier at up to 100 V RMS (for an amplification gain of 60 dB in the following discussion). During the test, the pump signal amplitude was manually altered through the power amplifier gain. We were able to verify that the real output gain was proportional to the gain displayed on the amplifier. The pump signal was being linearly swept in frequency from 10 to 50 kHz within 11 ms, with swept signals being continuously generated. To distribute the effect of the swept pump waves on the coda waves, both the pump and probe signals were generated asynchronously. Probe signals corresponding to various pump amplitudes were recorded from two specimens of a given series (composed of 3 specimens) during an experiment that lasted approximately 30 minutes, while the third specimen was left unexcited. To perform reproducibility tests, additional combination pairs of excited/ unexcited specimens were analyzed in obtaining two measurements for each specimen under pump excitation. A late timewindow between t 1 ¼0.3 ms and t 2 ¼0.5 ms was used to perform the CWI analyses. To choose such a time-window, it was necessary to ensure that: (1) the window contained enough signals to reliably perform the Stretching calculation; and (2) these signals were being formed by waves subject to a sufficient number of scattering events. Fig. 3 presents a recorded signal with the timewindow used for CWI analysis.
Experimental results and discussion
Influence of the presence and size of cracks on CWI measurements
The detailed received signals are comparable in shape and amplitude for all specimens. With the pump wave amplitude increasing from 0 to 60 dB however, the signals recorded from an uncracked (1C) specimen are nearly identical ( Fig. 4a and b) , while those from a cracked specimen (1B) show a small phase shift and waveform distortion, which is only visible in a late time-window ( Fig. 4c and  d) . This finding therefore indicates that nonlinear modulation has taken place due to the presence of a crack in the specimen; moreover, it emphasizes the benefit of analyzing the coda part of signals.
CWI analysis results are consistent with direct observations of the received wave probe signals. The velocity variations induced by pump excitation allow for crack detection. For the cracked specimens, as the pump amplitude is increased from 0 to 60 dB, the propagation velocity actually decreases by up to 0.025%, as illustrated in Fig. 5 , while a smaller velocity variation can be observed on uncracked specimens as pump amplitude is increased. The two measurements for each specimen correspond to two acquisitions at different times for different activated pump configurations. The crack, which is a local change, thus creates an effective velocity variation at the structural scale while being excited by the low-frequency acoustic pump waves. Both the decrease in propagation velocity and the waveform perturbation (i.e. increase in Kd) exhibit the locally enhanced level of hysteretic elastic nonlinearity due to the crack. The nonlinear phenomenon called softening is considered a plausible explanation for the linear decrease in velocity as a function of pump wave amplitude. Such a phenomenon has previously been reported and observed on concrete and several similar materials (e.g. slate, limestone, marble, damaged borosilicate glass) using various methods [35, 36] .
In the following discussion, the thermal bias correction (as depicted in Fig. 5b ) will be implemented numerically by subtracting the results for alpha of the specimen that had not been excited by its pump emitter to the other two samples.
For both series, a clear distinction can be drawn between cracked and uncracked specimens when pump amplitude exceeds 50 dB. The waveform of the cracked specimen changes as pump amplitude increases, as illustrated by the variation in decorrelation coefficient Kd. In Fig. 5a , the relative influences of temperature variation and pump wave amplitude on the stretching coefficient variations can be distinguished. Due to the short duration of the ultrasonic experiment, an average temperature variation can be approximated as a linear evolution of the stretching parameter over time (or as an equivalent signal number). At the end of the experiment, the associated change in stretching parameter reaches a maximum value of 0.005% (reference sample lC_coda) with a practically undetectable change of Kd (less than 0.1%), undoubtedly due to the low conversion rate between P and S waves in our configuration [33] . Once the temperature bias has been corrected, the variations in stretching coefficient and Kd due to the interaction between coda wave and pump wave are at least one order of magnitude higher than those due to temperature change. The observed effects of coda wave stretching and decorrelation by means of pump wave action can only be attributed to nonlinear effects originating from the nonlinear elastic behavior of the sample. It is well established that the nonlinearity level of an initially homogeneous and defect-free sample can be greatly increased by the presence of one or more cracks (see for instance [37] and references therein). It can thus be expected that the effect of nonlinear pump wave action on the coda wave is more pronounced for a cracked medium than for an uncracked one. This finding is consistent with the results presented in Fig. 6b and c. The enhanced decorrelation can therefore be attributed to the presence of a crack, via its influence on the efficiency of nonlinear wave mixing effects.
CWI analysis results of the second series specimens distinguish specimen C with the larger crack from specimen B with the smaller crack (see Fig. 6b ). As pump amplitude is lowered back to 0 dB after excitation to 60 dB, both α and Kd return to values very close to their initial values obtained at the beginning of the test. Any slight difference can be explained by a slow dynamic relaxation effect, as observed in previous studies [29] .
A linear fit for the evolution of corrected propagation velocity α as a function of pump amplitude closely matches the CWI data ( Fig. 6a  and b) , as proposed in [29] . This linear fit allows for a clear distinction between cracked and uncracked specimens. For the remnant correlation coefficient Kd, a quadratic increase with pump amplitude is found ( Fig. 6c and d) . The fit coefficients are summarized in Table 3 .
The linear coefficient of α for the three cracked specimens appears to be proportional to an approximate crack volume defined as the product of the maximum crack width multiplied by the crack length (see Table 2 ) and the crack penetration depth (7 cm), as illustrated in Fig. 7 . This approach could therefore offer a means for finding the crack aperture in knowing its geometry.
By comparing the evolution in corrected propagation velocity as a function of pump amplitude for the two series and, more specifically, the linear coefficient of α listed in Table 3 for the uncracked specimens, it can be observed that the velocity variations differ slightly. It can also be stated that the mortar curing conditions lead to different microscopic properties, especially density and micro-damage, which should in turn lead to slightly different variation velocities. Specimens from the first series were probably affected by drying shrinkage, and this may have created micro-damage in the specimens, thus explaining why velocity variations are higher than for the specimens cured under sealed conditions. Results of CWI analysis of probe coda waves mixed with pump waves for the first series: (a) velocity variation vs. solicitation step number; (b) corrected velocity variation vs. solicitation step number; (c) excitation amplitude of the pump waves at each solicitation step of the test; and (d) decorrelation coefficient vs solicitation step number. The cracked specimen (1B) is denoted by continuous lines. Specimen name with '_coda' indicates a specimen that has not been excited by the pump waves and that is used for temperature compensation of the two subsequent specimens in the legend. The two groups of three specimens in the legend (the first three and last three) thus correspond to two experiments for two activated pump configurations.
Reproducibility of CWI measurements
In order to assess the reproducibility of CWI measurements, two probe signals from each specimen were analyzed. Except for the two records relative to specimen 2C, all CWI measurements were recorded within a time span of approx. 2 h. It can be seen that good reproducibility is obtained for the cracked specimens (see Figs. 5 and 6); hence, a reliable difference can be drawn between the cracked and uncracked specimens. The difference between the two coda records of specimen 2C highlights the sensitivity of CWI to material evolution. The slightly lower velocity in specimen 2C, which had been tested 12 hours later, is probably due to lower water content in the specimen due to drying in the testing room, meaning that nonlinear parameters are probably sensitive to water content.
Conclusion and perspectives
In this study, the implementation of a novel NDT method combining the use of Coda Wave Interferometry (CWI) with a nonlinear acoustic modulation process has been proposed according to the original method developed in [29] . This method displays the capability of global detection for very small defects in mortar using coda signals that potentially originate from multiple scattering or reverberating media. The main idea here is to utilize wide-frequency band signals for both the probing Fig. 7 . Correlation between linear coefficient of velocity variation and approximate crack volume for the three cracked specimens (names of specimens are specified over each point; the correlation of determination of the linear regression R² is also indicated).
coda signals (200-800 kHz frequency sweeps) and the pump wave (10-50 kHz frequency sweeps), which acts to modulate the medium properties encountered by the probe (coda) wave. Originally developed to detect large nonlinear defects in a linear medium, this method can be successfully applied to detect small nonlinear defects like cracks in an otherwise nonlinear medium such as mortar or concrete [38] . The pump wave amplitude influences the detected coda signal, and the observed findings show good sensitivity to the presence of defects. Small changes in the coda signal are induced by the pump wave, i.e.: a stretching effect (due to the modification of a probed average wave velocity variation in the medium), and a decorrelation effect associated with the attenuation or shape distortion of the coda signal (due in turn to a variation in the dissipation and scattering properties of the medium, or possibly to local changes in average wave velocities). The changes in velocity variations and decorrelation coefficient vs. pump amplitude allow distinguishing cracked mortar from uncracked mortar and even yield an indication of crack geometry. This method is reproducible and able to provide a simple means for differentiating damaged and sound cementitious materials. Attention must be paid however to the material evolution during the time span of both a single experiment and the entire experimental campaign as a consequence of the presumed high sensitivity of the observables. Several applications of this technique could be developed in the field of civil engineering, although the power of the pump source would constitute a limitation. For example, the detection of small cracks causing leakage could be performed without any need for percolating fluid. Moreover, this very sensitive method might be able to yield mechanical information on microscopic damage.
